In Brief
Males often face a trade-off between preand postcopulatory investments for reproduction. Dunn et al. report the first evidence for a trade-off between vocal investment and sperm productionhowler monkey species with harem groups have large vocal tracts and small testes, whereas those in multimale groups have small vocal tracts and large testes.
SUMMARY
Males often face a trade-off between investments in precopulatory and postcopulatory traits [1] , particularly when male-male contest competition determines access to mates [2] . To date, studies of precopulatory strategies have largely focused on visual ornaments (e.g., coloration) or weapon morphology (e.g., antlers, horns, and canines). However, vocalizations can also play an important role in both male competition and female choice [3] [4] [5] . We investigated variation in vocal tract dimensions among male howler monkeys (Alouatta spp.), which produce loud roars using a highly specialized and greatly enlarged hyoid bone and larynx [6] . We examined the relative male investment in hyoids and testes among howler monkey species in relation to the level of male-male competition and analyzed the acoustic consequences of variation in hyoid morphology. Species characterized by single-male groups have large hyoids and small testes, suggesting high levels of vocally mediated competition. Larger hyoids lower formant frequencies, probably increasing the acoustic impression of male body size and playing a role analogous to investment in large body size or weaponry. Across species, as the number of males per group increases, testes volume also increases, indicating higher levels of postcopulatory sperm competition, while hyoid volume decreases. These results provide the first evidence of an evolutionary tradeoff between investment in precopulatory vocal characteristics and postcopulatory sperm production.
RESULTS AND DISCUSSION
Large body size, weaponry, and/or ornaments can confer an advantage to males during reproductive competition, allowing them to better dominate precopulatory contests and increase the number of offspring they sire [3] . However, when multiple males copulate with the same female, postcopulatory sperm competition occurs. This favors adaptations in male reproductive physiology, such as the production of more numerous and larger ejaculates (facilitated by larger testes) or faster and more enduring spermatozoa, which increase the likelihood of fertilization by a given male over competitors [7] . Vocalizations are also an important component of sexual selection in many animal species, often playing a crucial role in determining the outcome of agonistic contests and/or female choice [3] [4] [5] . However, despite considerable interest in the idea of vocal trade-offs [8] , little is known about the evolutionary dynamics favoring investment in vocal characteristics versus sperm production.
The powerful and characteristic roars of howler monkeys (genus Alouatta) are among the loudest vocalizations produced by any terrestrial animal (Figures 1A and 1B and Movie S1) . All howler monkey species have a highly modified larynx with a greatly enlarged cup-shaped hyoid bone containing an air sac, which is thought to function as a resonating chamber for their calls [6, 9] ( Figures 1C and 1D and Movie S2). The highly specialized anatomy of the vocal apparatus, coupled with the time and energy invested in vocalizing [10, 11] , suggests an important role for roaring in howler monkey fitness-particularly given their energy-minimizing lifestyle [12] [13] [14] . Multiple studies suggest that howler monkey roars function in male-male competition as territorial displays, regulating the use of space by groups [10, [15] [16] [17] , although their precise functional significance and evolution is debated [18] .
The howler monkey hyoid bone differs considerably in size between the sexes and among species [19, 20] , but the full extent of this variation and the selection pressures underlying variability have not been investigated quantitatively. For our core analyses, we collected comparative data on nine of the ten classically recognized Alouatta species [21] , using laser surface scanning to produce virtual 3D models of 255 hyoids. We then used phylogenetic methods and average species level data on body weight, skull length, canine length, testes volume, and number of males per group (data from five to nine species, depending on the dataset) to examine whether differences in male hyoid volume were related to variation in male competition among species-the ''vocal competition'' hypothesis. We also tested an alternative ''environmental adaptation'' hypothesis, that howler monkey hyoids are adapted to produce different frequency vocalizations in different habitats [22] , by analyzing data on net primary productivity. Finally, we used bioacoustic methods to analyze recordings of male roars and examined the acoustic consequences of variation in male hyoid morphology among species, hypothesizing that a more voluminous hyoid bone reduces formant spacing (DF) and increases the acoustic impression of body size conveyed by roars [23] [24] [25] (i.e., the ''size exaggeration'' hypothesis [26, 27] ). In order to provide broader comparative context to the core analyses described above, we performed CT and MRI on the cadavers of two adult male howler monkeys (Alouatta sara and A. caraya) and one adult male spider monkey (Ateles fusciceps). This allowed us to visualize the howler monkey vocal tract and measure vocal fold length and vocal tract length (VTL) for comparison with other mammals.
We found that hyoid volume is highly sexually dimorphic (F (1, 255) = 497.6, p < 0.001) and varies significantly among species (F (7, 255) = 52.4, p < 0.001). We also found a significant interaction between sex and species (F (7, 255) = 30.1, p < 0.001), with greater sexual dimorphism in species with larger hyoids ( Figure 2 and Table S1 ). Log 10 male hyoid volume was significantly correlated with log 10 female hyoid volume (phylogenetic 0.89, l = 0.00, F (1, 7) = 54.05, p < 0.0005).
The average number of adult males per social group varied from 1.0 ± 0.0 to 3.0 ± 0.5 across species (Table S1) , and log 10 male hyoid volume correlates negatively with the number of males per group (PGLS: R 2 = 0.83, l = 0.00, F (1, 6) = 29.61, p < 0.005; Figure 3A ), consistent with precopulatory sexual selection of this trait. Testes volume also varied significantly among species (F (4, 86) = 19.1, p < 0.001) and correlated significantly and positively with the number of males per group (PGLS: R 2 = 0.78, l = 0.00, F (1, 3) = 10.45, p < 0.05; Figure 3B ), consistent with the hypothesized role for testes volume in postcopulatory sperm competition. Crucially, there was a significant negative correlation between male hyoid volume and testes volume (PGLS: R 2 = 0.94, l = 0.00, F (1, 3) = 43.84, p < 0.01; Figure 3C ). Canine length was sexually dimorphic (F (1, 107) = 148.89, p < 0.001) but did not vary across species (F (8, 107) = 1.16, p = 0.33) , and there was no interaction between sex and species (F (8, 107) = 1.38, p = 0.22) . At the species level, canine length was not correlated with body weight, number of males per group, hyoid volume, or testes volume (see the Supplemental Experimental Procedures), suggesting that sexual selection on canine weaponry does not vary across species in this taxon. We found no support for the ''environmental adaptation'' hypothesis: hyoid volume was not predicted by net primary productivity (PGLS: R 2 = 0.19, l = 1.00, F (1, 6) As a result of their anatomical modifications, howler monkeys produce exceptionally low-frequency vocalizations for their body size compared with other mammals ( Figure 4A ). MRIbased measurements indicated that howler monkey vocal folds are extremely long for an animal of their size (4.08 cm in A. sara and 3.55 cm in A. caraya, Figure S1 ; human male vocal fold length is 1.5 cm [30] ). Based on a theoretical string model [30] of the vocal folds, we found that the vocal fold lengths obtained from the MRI-based measurements accurately predict the remarkably low fundamental frequency (F0) of howler monkey vocalizations (see the Supplemental Experimental Procedures). This explains how a howler monkey could produce an F0 similar to that of tigers or reindeer, despite major differences in body size (7 kg versus >100 kg; Figure 4B ). However, F0 is not typically measureable in howler monkey roars, which are noisy, broadband sounds presumably generated via deterministic chaos ( Figure S2 ), and in terrestrial mammals, empirical evidence suggests that F0 is not typically a reliable index of body size within age and sex classes [31, 32] . In contrast, numerous studies suggest that formant frequencies can provide reliable information about body size within species [26] and that individuals attend to this information in both inter-and intra-sexual con-A B C texts [23] [24] [25] . Male log 10 hyoid volume was significantly negatively correlated with DF in male roars (R 2 = 0.88, l = 0.00, F (1, 5) = 35.14, p < 0.005; Figure 3D ). For example, in A. caraya, mean DF was 535 Hz, whereas in A. sara mean DF was 388 Hz (Table S1 ). These values predict VTLs of 33 cm and 45 cm, respectively (Table S2) , even though total sitting height is only about 40-50 cm in this genus [33] . Although VTL is greater in howler monkeys than other similarly sized primates [26] as a result of their unusual vocal anatomy, these values are inconsistent with our MRI-based VTL measurements of 20.6 cm in A. caraya and 26.3 cm in A. sara ( Figure S1 ). These findings are consistent with the hypothesis that large hyoids may have evolved to enable lower DF than expected for body size, thereby increasing the acoustic impression of body size conveyed by howler monkey roars.
Across species, hyoid volume did not correlate with body weight in either males (PGLS: R 2 = 0.06, l = 1.00, F (1, 4) = 0.25, Figure 3 . Table S1 . See also Figure S2 and Tables S1 and S2. p = 0.65) or females (PGLS: R 2 = 0.002, l = 0.70, F (1, 5) = 0.02, p = 0.90), and the PGLS regression at the species level revealed no significant relationship between hyoid volume and skull length (male PGLS: R 2 = 0.14, l = 0.00, F (1, 4) = 0.64, p = 0.46; female PGLS: R 2 = 0.13, l = 0.00, F (1, 4) = 0.57, p = 0.49). However, hyoid volume was positively correlated with skull length when a larger sample of individual-specific data was used (GLMM: AIC model = 1002.8, AIC null = 2271.6, c 2 (1) = 1270.9, p = <0.001, n = 117). This suggests that despite clear differences between species, hyoid volume nonetheless correlates positively with body size within species, and DF may thus act as an exaggerated, but honest, signal of body size. This is consistent with studies of other mammal taxa, which have shown that anatomical adaptations of the vocal tract may exaggerate the acoustic impression of body size relative to other species but still convey reliable information about body size relative to conspecifics [34, 35] .
Our results provide strong evidence for the vocal competition hypothesis, consistent with Darwin's suggestion that the vocal organs of male Alouatta have been sexually selected [17] . Females are likely to require large hyoids for some of the same reasons as males, e.g., inter-group resource defense (infants, food, and territory) and predator deterrence [18] . However, it is unclear why female hyoid volume should correlate with male hyoid volume. One reason could be that female hyoid volume is a ''correlated response'' of selection for large hyoids in males [36] . Another reason could be that there is independent selection for larger hyoids in the females of species in groups with fewer males (in which males also have large hyoids), e.g., as a strategy against male infanticide [37] , or owing to variation in female contest competition among species [38] . These phenomena are not mutually exclusive, and further research would be necessary to disentangle this interesting question.
These data provide the first evidence in any species of an evolutionary trade-off between a precopulatory vocal-investment strategy and postcopulatory sperm competition. The phylogenetic correlations we observe are consistent with at least two non-mutually exclusive functional mechanisms, which may work at different phylogenetic levels. The first model, known as the ''Y model,'' or the acquisition-allocation model, holds that for a given amount of a resource, it is not possible to increase allocation to two traits at once [39] . Traits used in pre-and postcopulatory male-male competition may both be energetically expensive [1, 40] , leading to a trade-off in resource allocation. The second mechanism results from trade-offs that occur when evolutionary change in one trait directly decreases the relevance or performance of another [39, 41] . Under this model, the coevolution of intense female monopolization and large hyoids in unimale species limits the opportunity for sperm competition, leading to relaxed selection pressure on testes. In contrast, a failure of precopulatory male-male competition to repel rivals results in increased postcopulatory competition. Matching data on testes and hyoids from the same males across multiple species would be required to fully explore the precise functional nature of trade-offs within and between species, providing an exciting avenue for future research.
EXPERIMENTAL PROCEDURES

Morphological Traits
We analyzed 255 (111 females and 144 males) apparently non-pathological, adult hyoids at a number of museums. Species were identified on the basis of geographic location of the site of provenance of the specimens. Following a standardized protocol, we scanned the bullate basihyoid bone using a 3D laser surface scanner and calculated hyoid volume from the resulting models (see the Supplemental Experimental Procedures). We used both new and published data on testes volume, canine length, and body weight, though the datasets were not matching, i.e., were not from the same individuals (see the Supplemental Experimental Procedures). However, where possible, we collected matching data on skull length for the hyoids analyzed in the dataset (see the Supplemental Experimental Procedures). Data on morphological traits are given in Table S1 . In order to analyze VTL and vocal fold length, we also performed CT and MRI on the cadavers of two adult male howler monkeys of different species (Alouatta sara and A. caraya) and one adult male spider monkey (Ateles fusciceps) (see the Supplemental Experimental Procedures).
Group Size and Composition
We compiled data on group size and composition from the literature for each of the howler monkey species studied (see the Supplemental Experimental Procedures and Table S3 ). Given that local environmental factors, such as variations in climate and vegetation, may affect group size and composition within species, we calculated mean values per study site and then took the average Figure S1 . across study sites. We also ran analyses using the mean values for all groups (rather than sites), and the results did not change (Table S4) .
Net Primary Productivity
We used 2013 data from the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra satellite [42] to calculate the annual NPP for the location of provenance of each hyoid specimen (see the Supplemental Experimental Procedures).
Acoustic Analyses
We searched the Macaulay Library (http://macaulaylibrary.org/) and the British Library Sounds archive (http://sounds.bl.uk/) for high-quality recordings of lone adult male Alouatta roars. We selected the highest-quality recording available of an adult male for each species (see the Supplemental Experimental Procedures). Given the very small level of within species variation in hyoid volume (Table S1 ), we considered these single recordings to be representative. We extracted three roars per recording for analysis. From these, we calculated DF and apparent VTL using published methods (see the Supplemental Experimental Procedures). We could not routinely measure F0 in the roars of the males because of the deterministic chaos typically present. However, we were able to measure F0 in other call types in order to make a general comparison with other mammals ( Figure 4 ). We performed all acoustic analyses in Praat version 5.3.51 [43] .
Statistical Methods
We first used a general linear model to examine differences in hyoid volume and canine length between sexes and among species and a one-way ANOVA to examine variation in testes volume among species. Then, to analyze the covariance between variables while accounting for the non-independence of data points due to shared ancestry of species, we used PGLS regressions (see the Supplemental Experimental Procedures). In the analyses that included the mean number of males per species, we used this variable as the independent variable and the morphological traits (i.e., hyoid volume, canine length, and testes volume) as dependent variables. When analyzing the relationship between testes volume and hyoid volume, DF and hyoid volume, and skull length and hyoid volume, we assigned hyoid volume as the dependent variable. In order to account for potential error in the branch lengths used, we recalculated all of the PGLS analyses with branch lengths of 1, and the results did not change (Table S4 ). We present absolute hyoid volume and testes volume in the main text, as there was no correlation between either hyoid volume or testes volume and male body weight in our species-level data and, therefore, no effect of isometric scaling. When added to the models as a covariate, body weight accounted for very little variance and did not change our results (see the Supplemental Experimental Procedures). We log 10 transformed variables in those cases where this improved the linearity of the relationships and performed all statistical analyses in R version 2. Figure S1 , related to Figure 4B . (10) 14.0 ± 1.6 (7) 15.5 ± 1.0 (13) 15.3 ± 0.9 (5) 14.0 ± 2.9 (13) 13.9 ± 2.0 (6) 14.5 ± 0.4 (6) 13.4 ± 1.7 (22) Female canine length (mm)* 6.8 ± 1.3 (9) 9.6 ± 1.4 (9) 7.8 ± 1.4 (10) 9.2 ± 0.7 (5) 8.4 ± 0.5 (4) 8.6 ± 1.4 (20) 9.6 ± 1.0 (9) 9.2 ± 0.6 (4) 9.2 ± 1.1 (18) Male Table S4 , related to Experimental Procedures and Figure 3 . PGLS analyses using branch lengths equal to 1 in the phylogeny and using mean number of males from all groups (rather than mean per site). Hy. = Hyoid, Vol. = Volume, Can. = Canine, Wt. = Weight, No. = Number.
Supplemental Experimental Procedures
Hyoid species identification and volume calculation
We analysed hyoid volume for 255 (111 females and 144 males) apparently non-pathological, adult howler monkeys at a number of museums. Species were identified on the basis of geographic location of the site of provenance of the specimens. These coordinates were uploaded into the QGIS [S64] software package compared with the current distribution maps of Alouatta species from the IUCN Red List [S65] .
Following a standardised protocol, we scanned the hyoids using either a NextEngine Owing to the difficulty in capturing the internal surface of the hyoid with the 3D scanner, we calculated volume from the external surface. Thus, any part of the internal surface of the hyoid that had been captured was trimmed away leaving just the external surface. Next, we fused the individual scan faces using the Merge function, and converted the model to a solid mesh in order to calculate the volume. We filed any holes in the mesh (due to the state of preservation of the hyoid) manually using the Fill Holes function and used the settings that best created continuity in the curvature of the surface. Finally, we applied a "Global Re-mesh" to provide a relatively flat closing to the posterior opening of the basihyal. We then calculated the volume of the final closed hyoids automatically in the software. Finished (closed) hyoid models were composed of between approximately 7,000 and 250,000 individual poly vertices, or 15,000 to 500,000 polyfaces.
Micro computed tomography (µCT) validation of volume calculations
In order to test the accuracy of the surface scan estimates of hyoid volume from the external surface of the hyoid, relative to the actual internal volume of the hyoid, we obtained µCT scans of a subsample of 4 hyoids. We performed µCT scanning using a Nikon Metrology HMX ST 225
at the Natural History Museum, London. We scanned the samples using a tungsten reflection target, at an accelerating voltage of 210 kV and current of 190 µA using a 500 ms exposure time (giving a scan time of 25 minutes). We used copper filters between 2.5 and 4 mm, depending upon the density of the hyoids. Filtering reduces the number of artifacts in the data usually produced by higher density material such as scattering and beam hardening. Higher density objects require greater levels of filtering. Over the course of a scan we took 3,142 projections over a 360° rotation of the specimen. The voxel size of the resulting datasets ranged from 70 -111 µm depending upon the size of the specimen, as the resolution is determined by geometric magnification. We reconstructed the 3D volumes using the Feldkamp back-projection algorithm [S66] through CT Pro (Nikon Metrology, Tring, UK) and exported TIFF stacks using VG Studio Max (Volume Graphics GmbH, Heidelberg, Germany).
In Avizo Fire 6.3, we constructed isosurfaces of the hyoids by thresholding the scans. We imported the isosurfaces into Rapidform XOR, where we cropped away the external surface of the hyoid, leaving only the interior surface. We carried out the same procedures of hole filling and re-meshing, as described above, to create a counterpart solid model of the internal volume of the hyoid. In the case of one hyoid, a laser scan was not possible (as the hyoid was articulated with the skeleton) and thus we used the µCT scan to create both the internal and external volume models. The results of the comparison show that the volume based on the external surface had an error of 5.1 ± 1.4% compared with the true internal volume and the volumes calculated using the two different methods were highly correlated (R 2 = 0.99, P < 0.001). The volume based on the external surface consistently overestimated the internal volume. An overestimate was expected, and thus this falls very closely within the expected bounds, and also suggests the procedures for closing the hyoid are not creating substantial variation. It can be assumed therefore that the errors in volume arising from the lower resolution laser scan approach, and in the method applied to create a solid model, are subject to ca. 5% error from true properties. However, we would expect this to be consistent across species and sexes.
Testes volume
We used new and published data to calculate mean ± SD testes volume per species. Only adult males were considered in the analyses. Given the technical and logistical challenges of gaining these data, we were only able to report testes volume for 5 species (Table S1 ). The published data were used from A. pigra [S67] , A. palliata [S67] , and A. caraya [S68] . We collected new data for A. guariba at the Centro de Pesquisas Biológicas de Indaial, Brazil and for A. seniculus at Cologne Zoo, Germany and Parque Zoológico Santa Fe, Colombia. We followed the methods used by Kelaita et al [S67] to determine testicular volume. Briefly, we measured the width and length of each testicle, excluding scrotal skin folds, to the nearest millimeter using Mitutoyo Digital Calipers. We then used the following formula to calculate the volume of a prolate sphere:
; where L is length and W is width. We used total testicular volume (sum of left and right testes) to account for any variability that exists between the left and right testes and to have data that are comparable to results presented in the literature.
Canine length
Raw data on canine length for A . belzebul, A. caraya, A. guariba, A. palliata, A. pigra and A. seniculus was kindly provided by J. Michael Plavcan from museum specimen. Methods used to collect these data have been reported elsewhere [S69] . Following these methods, we collected additional data on canine length for all remaining species from museum specimens and report the average length of left and right canines for males and females (Table S1 ).
Body weight
Data on body weight of wild males and females for each species were taken from a review of body size in primates [S70] , with two exceptions. For Alouatta pigra, a more recent paper [S67] offered a much larger sample size, and for Alouatta macconnellii data were not reported in the original review, so they were taken from a more recent review paper [S71] . Data on body weight
were not available for Alouatta sara or Alouatta nigerrima (Table S1) .
Skull length
Where possible, we collected matching data on skull length for the hyoids analysed in the data set. We measured maximum skull length [S72] to the nearest mm using digital callipers. The sample consisted of 117 skulls with matching hyoids, representing 6 species (Table S1 ).
Group size and composition
We compiled data on group size and composition for each of the howler monkey species studied (Table S2) . Much of the data came from a review paper [S71] , but we complemented these data with as many additional studies as possible for each species (Table S4) . We located additional records using Latin binomials as keywords in searches of Web of Science, Google Scholar and PrimateLit. Data on group size and composition were not available for Alouatta nigerrima.
Given that local environmental factors, such as variations in climate and vegetation, may affect group size and composition within species, we calculated mean values per study site and then took the average across study sites (Table S2) . We also ran the analyses using the mean values for all groups (rather than sites), and the results did not change (Table S5) .
Net Primary Productivity (NPP)
We downloaded NPP data for 2013 from the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra satellite launched by NASA [S73] . These data are freely available from the Numerical Terradynamic Simulation Group (NTSG) (http://www.ntsg.umt.edu). The data
give an estimate of spatial variability in the amount of atmospheric carbon that is fixed by plants and, hence, a good estimate of forest productivity. Using the "Point Sampling Tool" in QGIS [S64] , we calculated the annual NPP for the location of provenance of each hyoid specimen ( Figure S2 ).
Calculation of theoretical fundamental frequency
The fundamental frequency (F0) of vocal fold vibration can be explained by using a simple piano-string model [S74] . In this model, vocal fold length is inversely and linearly related to F0
and can be approximated using the equation 
Acoustic analyses and calculation of apparent vocal tract length
We used bioacoustics methods to analyse the acoustic effect of variation in hyoid volume among male howler monkeys. We concentrated on males, because: (a) they howl more frequently than females, including vocalising in the context of male-male competition; (b) comparative acoustic data are much more widely available for males; and (c) the variation in hyoid volume is much greater among males.
We searched the Macaulay Library (www.macaulaylibrary.org) and the British Library Sounds archive (www.sounds.bl.uk) for high quality recordings of lone adult male roars. Many recordings were available and we screened over 300 for quality, but only a very small number were of high enough quality for reliable formant analyses. Therefore, we selected the highest quality recording of an adult male for each species. Given the very small level of within species variation in hyoid volume (Table S1 ), we considered these single recordings to be representative.
From these recordings, we extracted three "roars" [S79] per recording for analysis.
The howler monkey roar is characterised by an introductory phase, which has classically been termed as an "incipient roar" [S79] . This section of the call contains some tonal segments and, as such, fundamental frequency can be measured in some high quality recordings. However, incipient roars generally build in volume and grade into full roars, which are characterised by deterministic chaos and, therefore, lack periodicity and fundamental frequency may not be measured, even in high quality recordings ( Figure S2 ). Therefore, though we could not routinely measure F0 in the roars of the males (because of the deterministic chaos typically present), we were able to measure F0 in other call types in order to make a general comparison with other mammals (Figure 4 ).
We extracted formant frequencies using the PRAAT 5.3.47 sound analysis package [S80] .
The lowest frequency values of the first six formants were extracted using linear predictive coding (LPC) via the 'LPC: To Formants (Burg)' command in PRAAT. We did not attempt to measure formants higher than the sixth formant because these frequency components were often poorly defined. To measure the formants, we used the following analysis parameters: time-step, 0.01 s; maximum number of formants, 8-10; maximum formant frequencies, 3500-4000 Hz;
window of analysis, 0.1 s. To check that the program was accurately tracking the frequency of formants, we compared the outputs with visual inspections of spectrograms and power spectra using cepstral smoothing at 200Hz. In order to ensure the reliability of our results, a bioacoustics expert with experience in formant analysis (D.R.) repeated the analyses blind to the species names. The results obtained by the two independent analysts were highly consistent.
The output of this analysis was transferred into a spreadsheet, and formant values were plotted against time and frequency and superimposed onto a narrow band spectrogram of each call. Spurious values were deleted, missing values were linearly interpolated and octave jumps were corrected for. For the first six formants, we then plotted the observed minimum frequency value of each formant against (2i -1)/2 increments of the formants spacing, as predicted by the model of a vocal tract, approximated as a straight uniform tube closed at one end (the glottis) and open at the other (the mouth) [S81] . Then, we fitted a linear regression line through the set of observed values, applying an intercept equal to 0 [S82] . Since F i = ((2i -1)/2)∆F, the slope of the regression gives the best estimate of ∆F for our vocal tract model. The frequency of each of the first six formants, for each of the 3 loud calls analysed per species, are given in Table S2 . There was very little variation in ∆F across the three roars within species, so we took the average ∆F across the three roars for each species. In the final step, we deduced the estimated apparent VTL directly from the average ∆F by using the equation VTL = C/2(∆F), where c (350 m/s) is the approximate speed of sound in the warm humid air of a mammalian vocal tract [S74] .
Computed tomography (CT) and magnetic resonance imaging (MRI) of whole animals
We performed computed tomography (CT) and magnetic resonance imaging (MRI) on the cadavers of two adult male howler monkeys of different species (Alouatta sara and A. caraya) and one adult male spider monkey (Ateles fusciceps). We chose to examine the Ateles specimen in order to demonstrate the simple larynx and hyoid, typical of most primates, in this closely related taxon, and to highlight the fact that the Alouatta hyoid and larynx are highly modified, derived traits. The two howler monkey species were chosen to represent the greatest extremes of hyoid volume possible, given the available material. We carried out both CT and MRI at the University of Veterinary Medicine, Vienna.
We performed CT examination using a Somatom Emotion multislice scanner (Siemens AG, Munich, Germany). The specimens were placed in ventral recumbency, and scanned, depending on body size, with the following parameters: 110 -130 kV, 94 -174 effective mA and 0.75 mm thick axial slices. We used Avizo Fire 6.3 and Somaris/5 Syngo CT2009E
(Siemens AG, Berlin) to generate multiplanar reconstructions and 3D surface models.
We performed MRI examination using a Magnetom Espree 1. [S78] and the figure was adapted from [S77] .
Statistical methods
We first used a general linear model to examine differences in hyoid volume and canine length between sexes, among species and the interaction between sex and species, and a one-way analysis of variance (ANOVA) to examine variation in testes volume among species. Then, to analyse the covariance between variables, while accounting for the non-independence of data points due to shared ancestry of species, we conducted phylogenetic generalised least squares (PGLS) regressions with a Brownian motion model of evolution, based on a published molecular phylogeny of howler monkeys [S101] (Figure 2 ). These models use maximum-likelihood methods to estimate Pagel`s lamda (λ) [S102] , which can be used to assess the degree of phylogenetic signal in the PGLS and varies between 0 (phylogenetic independence) and 1
(species` traits covary in proportion to their shared ancestry). We used branch lengths and splitting dates from the published molecular phylogeny [S101] . Because A. nigerrima was not included in the published phylogeny, we used an additional molecular and karyotypic analysis of the genus, which shows that this species is more closely related to A. macconnellii than any other [S103] . We therefore positioned this species accordingly in the phylogeny for visual purposes (Figure 2a ), but A. nigerrima was not used in any PGLS analyses. In order to account for potential error in the branch lengths used, we recalculated all of the PGLS analyses with branch lengths of 1 and the results did not change (Table S4 ). We present absolute hyoid volume and testes volume in the main text, as there was no correlation between either hyoid volume or testes volume and male body weight in our species level data, and, therefore, no effect of isometric scaling. When added to the models as a covariate, body weight accounted for very little variance and did not change our results (see below). The regression lines of the linear models and the regression lines of the full PGLS models had the same intercept and slope in all cases. Therefore, only one line is presented in the figures. We log 10 -transformed variables in those cases where this improved the linearity of the relationships.
In the analyses that included the mean number of males per species, we used this variable as the independent variable and the morphological traits (i.e., hyoid volume, canine length and testes volume) as dependent variables. When analysing the relationship between testes volume and hyoid volume, ∆F and hyoid volume, and skull length and hyoid volume, we assigned hyoid volume as the dependent variable.
Where possible, we also used a more complete data set, rather than relying on average species level data. Firstly, in order to test the "environmental adaptation" hypothesis, we used general linear mixed models (GLMM) to evaluate the effect of NPP on hyoid volume using matching data for NPP and hyoid volume from all 255 hyoids. We specified species as a random factor in the model to account for the non-independence of species and tested the model including NPP against a null model (not including NPP) using ANOVA. In order to account for phylogenetic effects, we also carried out a PGLS regression using mean NPP values per species as the independent variable. Secondly, we used matching data on skull length and hyoid volume for 117 individuals, and performed a GLMM using species and sex as random factors in the model and hyoid volume as the dependent variable. We then tested this model against a null model (not including the variable skull length) using ANOVA. We performed all analyses in the statistical package R version 2.15.2 [S104] .
Supplemental Results
The relationship between canine length and other traits
At the species level, canine length was not correlated with body weight (male PGLS: R 2 = 0.00, λ = 0.00, F (1, 5) = 0.00, P = 0.95; female PGLS: R 2 = 0.06, λ = 1.00, F (1, 5) = 0.33, P = 0.59), the number of males per group (male PGLS: R 2 = 0.00, λ = 0.00, F (1, 6) = 0.00, P = 0.99; female PGLS: R 2 = 0.08, λ = 1.00, F (1, 6) = 0.51, P = 0.50), hyoid volume (male PGLS: R 2 = 0.15, λ = 0.00, F (1,6) = 1.07, P = 0.34; female PGLS: R 2 = 0.00, λ = 1.00, F (1, 7) = 0.01, P = 0.95) or testes volume (PGLS: R 2 = 0.52, λ = 0.00, F (1,3) = 3.22, P = 0.17).
Adding body weight as a covariate
After adding body weight as a covariate, the number of males per group was still a significant predictor of log 10 hyoid volume in both males (full PGLS model: R 2 = 0.85, λ = 0.00, F (2,4) = 11.25, P < 0.05; number of males: estimate ± SE = -0.47 ± 0.10, t = -4.71, P < 0.01; male body weight: estimate ± SE = 0.12 ± 0.15, t = 0.81, P = 0.46) and females (full model: R 2 = 0.92, λ = 0.00, F (2, 4) = 24.23, P < 0.01; number of males: estimate ± SE = -0.44 ± 0.06, t = -6.85, P < 0.005; female body weight: estimate ± SE = -0.002 ± 0.09, t = -0.03, P = 0.98). Similarly, testes volume was still a significant predictor of hyoid volume (full PGLS model: R 2 = 0.97, λ = 0.00, F (2, 2) = 34.55, P < 0.05; testes volume: estimate ± SE = -3.02 ± 0.36, t = -8.31, P = 0.01; male body weight: estimate ± SE = -8.64 ± 5.40, t = 1.59, P = 0.25) and log 10 male hyoid volume was still a significant predictor of formant spacing (full PGLS model: R 2 = 0.97, λ = 0.00, F (2, 3) = 43.41, P < 0.01; male hyoid volume: estimate ± SE = -172.44 ± 19.45, t = -8.86, P < 0.05; male body weight: estimate ± SE = -32.15 ± 15.03, t = -2.13, P = 0.12) after adding body weight as a covariate. Although the fixed effect of the number of males was still a significant predictor of testes volume after adding body weight as a covariate (estimate ± SE = 13.21 ± 3.06, t = 4.3, P <
